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I. INTRODUCTION 

In recent  years,  injection of a fluid into the boundary layer has 
been studied both numerically and experimentally as a technique for  ther- 
mal protection and skin  friction reduction. Two of  the most comnon injec- 
tion  configurations studied  have been the porous wall and the tangential 
slot.  In the  former configuration, air  or a foreign gas is injected into 
the boundary  layer  through  a  porous section  of  the wall. The tangential 
slot  consists  of a step in the wall through  which the injectant  enters 
the boundary  layer parallel to  the  freestream flow. 

Spalding and Patankar (Ref. 1) were  able to obtain  a  solution  for 
the tangential slot by using two  regions  for  the  flow field. In the 
first region, the  flow  was treated as a mixing of two planar flows and 
the wall region of  the  flow was neglected. When the mixing region had 
spread  to the wall, the standard solution procedure for a turbulent bound- 
ary  layer  was used. With  this  model,  Spalding and Patankar  obtained good 
predictions o f  the effects of slot injection at some  distance  downstream, 
but predictions of  the effects in regions near the slot were not as good. 

Beckwith and Bushnell (Ref. 2) developed a finite-difference method 
which could be used near the slot as well as far  downstream. This method 
used a modified form of the  eddy  viscosity  expression  developed by Bushnell 
(Ref. 3). In this expression, the Prandtl mixing length in the region near 
the slot was adjusted to account for  the effects of slot injection. The 
mixing length in the mixing  region downstream  of  the slot lip was propor- 
tioned to the width of  the mixing  region and thus increased downstream 
as  the region spread between the slot and freestream flows. By adding 
the species conservation equation to the system of governing  equations 
(Ref. 2 ) ,  the  growth o f  the mixing  region was calculated and used to com- 
pute the mixing length. The method of Ref. 2 was limited to the  case  where 
the injected species was  the  same  as  the external flow. 



Miner and Lewis (Ref. 4) presented a finite-difference method  for 
predicting compressible,  turbulent boundary-layer flows with tangential 
slot injection. Inclusion  of  the  species  conservation equation  allow- 
ed predictions o f  the mixing between the  slot and freestream  flows and 
use of  the Beckwith-Bushnell eddy viscosity model. Comparisons with the 
experimental data  of Kenworthy and Schetz (Ref. 5) were  made  for  three 
eddy viscosity models to  test the  accuracy  of  the predictions in a re- 
gion near the slot. The method also contained  a  procedure to predict 
the  effects  of  the interaction  between the boundary-layer  displacement 
thickness and the external pressure field. 

In a later  work (Ref. 6), Miner and Lewis  extended  their method to 
include  non-reacting foreign  gas injection. With  a foreign gas as the 
injectant, the  single  speciesgas property model had to be replaced by a 
binary gas model. The properties used in the binary gas property model 
are given in Ref. 6. 

Experimental studies  of this problem have been conducted by a number 
of authors. McRee,et al. (Ref. 7) considered the effects of normal injec- 
tion and slot injection on  the  skin  friction  at Mach 3. Cary and Hefner 
(Refs. 8, 9) studied the  effects  of tangential-slot  injection on the  film- 
cooling effectiveness and skin  friction in a hypersonic.flow  of Mach 6. 
Finally,  Kenworthy and Schetz (Ref. 5) conducted an experimental study of 
slot injection  into  a  Mach 2.4 freestream. 

The present study used a finite  difference method  to compare  the 
effectiveness  of  slot injection,  porous  injection, and a simple combina- 
tion of  the  two in reducing the  skin friction. Comparisons are made with 
experimental data from a similar study by Schetz and Van  Overeem (Ref. 10). 
The  conditions  for  the experimental  study were Mach 2.9, Po = 69.9  N/cm 2 

(100 psia), and To = 294 OK (530 OR). The data taken for  comparison in- 
cluded wall-pressure  distributions, Mach  number  profiles and pitot pres- 
sure profiles  at four axial stations and wall shear as measured by a 

2 



floating  element balance.  Wall shear data were  also taken by two Preston 
tubes  with  diameters  of 0.241 cm and 0.073 cm. 

The  finite-difference method  developed by Miner and Lewis (Ref. 4) 
was used in the present work. Calculations  of  the skin  friction  with and 
without pressure  interaction effects  were  made using the  two-layer eddy 
viscosity model. For  the  slot and slot/porous  configurations, the  multi- 
layer eddy  viscosity model of Beckwith and Bushnell was also used for com- 
parisons. Mach  number  profile calculations downstream of the  slot  were 
made and compared  with the experimental data. 

Finally, the  finite-difference method was used to study the effect 
of combined slot-porous injection  configurations on reducing the skin 
friction.  Effects of pressure  interaction and the differences i n  the  two 
eddy  viscosity laws were  also considered. 

3 



I I. ANALYSIS 

I The equations for two-dimensional  turbulent,  boundary-layer flows 
of a non-reacting, two-component mixture o f  gases  are presented in non- 
dimensional s Levy-Lees variables. These  equations  are then presented 
in the parabolic form  for  solution by the  finite-difference method of 
Anderson and Lewis (Ref. 11). Specification o f  the  fluid  properties, 
eddy  viscosity  model, and a  brief  summary of  the global pressure  itera- 
tion scheme is included. 

2.1 Governing Equations 

The boundary layer equations  were first non-dimensionalized as pro- 
posed by Van Dyke and then  transformed using Levy-Lees variables. A ref- 
erence temperature and reference viscosity  were  defined as 

Using any  suitable  reference length L the Van Dyke  parameter cVD became 
* 

The non-dimensional  variables  which  were used in the  present method 
thus  become 

x = x / L  
* *  

* * *2 
P = P /P,U, 

4 



* *  
P = P /P, 

* *  
T = T /Tref 

u = u /u, * *  

The resulting  boundary-layer  equations  were  transformed using the Levy- 
Lees variables rl and & defined by 

and 

=zdy Pue (12) 

The  turbulent boundary layer  equations  were then expressed as: 

Continuity: 

2sFg+ V' + F = 0 ( 1 3 )  

Mornen  turn : 

2&FFg + VF' = B[pe/p-F2) + [C(1 + E+)  F '  ] ' (14)  

Energy : 

2&Fg& + vg ' = * 3 ' + 1 [c (Le + .- Pr Let E + Pr Prt 

C  C Pr + 'e2 ) ' 
Pr 

i 
He H, 

5 



Species : 

2cFZc + VZ' = ([k (Le + !?- Let E')] Z' 1 ' 
Prt 

where V is the  transformed normal velocity component 

and where p ' v '  is the time average o f  the product of the fluctuating 
density and normal velocity. The variables F,  g, 2, and C were de- 
fined as: 

and 

c = P l l / P e P e  (21 1 
Boundary conditions  for the above system o f  equations were: 

\ 

a t q = O  

F = O  

g = HJH, (non-adiabatic) 

ag /an  = 0 (adiabatic) 

v = vw 

6 

- . . . _. . . 



aZ/ar l  = 0 ( s l o t   i n j e c t i o n )  

and a t  n = ne 

F = l  

g = 1  

z = 1  

" 2.2 Parabolic Form o f  the  Conservation  Equations 

Equations 13, 14, 15, and 16 when expressed in   the   genera l  pa- 
r a b o l   i c  form become: 

Momen tum : 

FII + A F '  +. A F + Ag + A4Fg = 0 1 2 
- 

C '  A O I  v 
A , = c  - +"- 

*O AO 

7 



and 

Energy: 

where 

g" + A,g ' + A2g + A3 + A4gE = 0 

- 
C' A O '  v 

AO 
A1 = c +"" 

A2 = 0 

2 '  
A3 = ([k (Le t E+ Pr Let) - Ao] 2 C; ) ' + ( [ C ( 1  + - A o ]  FF' & ) 

Prt i 

C Pr -+ 
AO Pr Pr t 

= - ( l + - € )  

and 

Speci es : 

where 

A2 = 0 

a 



Ag = 0 

A4 = -2E,F/Ao 

and 
- 
A. = AO/C 

~- 2.3 I Numerical21 ution Procedure 

The finite-difference scheme used to solve  the transformed  equa- 
tions was an implicit method of the Crank-Nicolson type. The method has 
been used sucessfully by a number of  authors including Anderson and Lewis 
(Ref. ll), Miner, Anderson, and Lewis (Ref. 1 2 ) ,  Davis (Ref, 1 3 ) ,  Blottner 
(Ref. 14) ,  and Harris  (Ref. 15). The equations  were  written in the gen- 
eral parabolic  form 

W "  + AIW' + A2W + Ag + A4Wg = 0 (22)  

where W was the  dependent variable F, g, or Z and the coefficients  were 
functions  of 5, TJ, W and W ' .  The boundary layer was considered as a grid 
of nodal points with a varying step size in the normal direction as shown 
bel  ow. 

n 
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Values  of the dependent  variables a t  m + 1 were calculated  across 
the boundary layer  beginning w i t h  the boundary 
using the relat ionship (Ref.  11) 

Wn = En Wn+1 + Fn 

where 

The coef f ic ien ts  A ,  B ,  C ,  and D were evaluated 

condi t ions   a t  II = ne and 

from the  coefficients  of 
Equation 22 and the step s i z e s  a t  each g r i d  point using the foJJowing re- 
la t ions :  

and 

Dn = -Ag, t A4n 'm,n 
AE 

The values  of El  and F1 were determined by the boundary condition a t  
I-, = 0. For example, when the boundary condition  set  aW/aq equal t o  zero, 
El became unity and F1 became zero. I n  another case where W a t   t h e  wall 
was a given value, as w i t h  porous inject ion o r  w i t h  a non-adiabatic  wall, 
then El was zero and F1 was the value o f  W a t   the   wal l .  

10 



When the equations  are  written i n  the general  parabolic form,  they 
form  a coupled,  non-linear system . .  . which must be solved by i t e r a t ion .  A t  
each  value o f  6, the species,  energy, and momentum conservation  equations 
were iterated  using the above procedure and the  continuity  equation was 
solved by integration of the expression 

V = V, - (2<Fg + F )  d g  
0 

Iteration  continued  until Z ,  g ,  and F a t  each grid  point  across  the bound- 
ary  layer  changed between i te ra t ions  by l e s s  than  the  desired amount. 

2 .4  F l u i d  Properties - 

The f lu id   p roper t ies   for   a i r   in jec ted  i n t o  a i r  were obtained from 
the  following  standard  relations.  Density was computed from the   s t a t e  
equa t i on 

P = pMf/RT (28) 

and the  viscosi ty  was computed by Sutherland's formula 

where C* = 110.3'K. 
The transport   properties were defined hy se t t ino  Pr = 0.71 ,  Prt = 0.9 ,  
Le = 1.0 ,  and  Let = 1 .O.  

For the case of foreign  gas  injection such a s  helium into a i r ,  ther- 
modynamic and transport   properties were supplied by the  tabulated d a t a  of  
J a f f e ,  Lind, and Smith (Ref. 16).  Table 1 gives  the d a t a  used to compute 
the  properties of the individual  species. The species   specif ic   heat   a t  
constant  pressure was C = 31025 ft*/secZ-% and then  enthalpy was calcu- 
lated by h i  = T ft2/sec*. The species  specific  heat a t  constant  vol- 
ume  was calculated from: 

P i  
c P i  

Cvi  Cpi - R / M i  
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The  mixture  density  was obtained as follows: 

Cf (MI-Mf) + Mf 1 ug/ft3 

where 

M i  = MHe = 4.0026 

Mf = MAir = 28.966 

The enthalpy and specific heat o f  the  mixture  were calculated by the 
following  expressions: 

h = (1-Cf)hi + Cfhf 

cp  = (l-cf)cpi + CfCPf 

The  mixture viscosity was calculated by Wilke’s  formula: 

and 
-1/2 1 /2 1 /4  2 

Gif =” fi ( 1  +;) [ l i p )  (;) ] 
The  mixture thermal conductivity  was  also calculated using Wilke’s formula 
(30) where the species  conductivity  was  calculated by the following expression: 

12 



2.5 Eddy Viscosity Model 

The  eddy  viscosity, E , was  computed by either  a  two-layer model +* 
consisting  of  an inner and outer  region or a  multi-layer model proposed 
by Beckwith and Bushnell (Ref. 2 ). Both models  were based  on Prandtl ' s  
mixing  length  concept  given by 

I I 

* * 
E = p*R*2 I $+ 

The  two-layer model used the  eddy  viscosity  law  of Van Driest for  the 
inner  law and an  outer law based on  Klebanoff's  modification  of  Clauser's 
law (Ref. 17) while  the  multi-layer model  varied the  definition  of a. in 
each layer. 

* 

2.5.1 Two-Layer Model 

The  two-layer model separates  the  boundary  layer into two  regions, 
one near the wall and the  other  consisting of the  remainder  of  the  bound- 
ary layer. A different  expression  for R in equation 31  is used in the 
two  regions. In the  present  work,  the  expression  developed by Van Driest 
(Ref. 18) was used in the wall region 

* 

2 = k, y* [ l  - exp (-y /A )] * f t  

where kl = 0.4 

Y = Y Uf / v  
+. * * *  

For a  non-porous wall without a 'pressure gradient, At = 26. For 
a  case  with  mass  transfer  through  the wall, At was  corrected  as proposed 
by Cebeci (Ref. 19) 

A+ = 26 exp (-5.9 v,') (33)  

13 



where 
+ * *  vw = vw /Uf 

For  cases  with both mass transfer and pressure  gradients A+ becomes 
(Ref. 1 1  + 

A+ = X(-% [exp (11.8 vw + ) - 13 + exp (11.8 vwt) 
vW 

where 
+ dP," * * * 3 

P = - -  * v /P h f  1 
dx 

The eddy viscosity law in the region near the wall becomes 

For  the  outer  regions  of  the boundary layer, the eddy viscosity  was 
based on  the work o f  Clauser and i s  given by 

where kp = 0.0168, 6k is the incompressible,  two-dimensional  boundary- 
layer displacement  thickness and y is the Klebanoff  intermittency factor 
which was approximated by 

* 

In the  two-layer model the  outer  7aw was first used across  the  entire 
boundary layer. Then,  starting at  the wall, the inner law was used up througi 
the boundary layer until the eddy  viscosity  from the inner law was  greater 
than or equal to that of  the outer law. 

2.5.2 Mu1 ti -Layer Model 

The  multi-layer eddy  viscosity model is due  to Beckwith and Bushnell 
(Ref. 2) and also used by Miner and Lewis (Ref. 4). The Prandtl mixing 
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I 

length concept was  modified using the Van Driest damping factor  to 
give  the following  expression for E+ in dimensional variables 

The mixing  length R is then calculated in the different regions  as follows: 

For a  fully-developed turbulent boundary layer, the  flow is divided 
into three layers by specific  values of y and the mixing length is de- 
fined in each of these layers as: 

Point y/6 R 

0 
1 0.1  0.1 K6 

- 
0 0 

2 0.3 i 6  

where K = 0.4 and is given by 

- 
f = 0.265 - 0.196 Hk + 0.0438 Hk 

* *2 

* * 
where Hk = 6k /ek and ek is the incompressible  boundary-layer  momentum 
thickness. 

For tangential slot injection,  the above model was  modified to  con- 
sider  three distinct regions  or  zones (Fig. 1). These  zones  were  deter- 
mined by the  relative values of  the mixing  lengths in the slot flow re- 
gion, kS, in the mixing  region, km, and in the outer  region of  the bound- 
ary layer, fib' 

For  the  slot  flow region the mixing length was constant and given by 

gS = ass/2 

where s is the slot height 
turbulent  slot flow  was as 

In the mixing  region, 

and as is a constant. The suggested  value for 
= 0.14 (Ref. 2). 

R, was given by 
.% 

km = a, W Prt/Let 
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where was t h e   w i d t h  o f  t he   m ix ing  zone  between t h e   s l o t   f l o w  and 

t h e   o u t e r   f l o w  and a, was a constant.  The values of a, should  range  from 
0.05 t o  0.12, with 0.09 be ing   the  recommended value  (Ref. 2 ) .  The 

mix ing zone w i d t h  W i s  de f ined by 

- - - 
where yf = y a t  2 = 0.99, yn = y a t  Z = 0.01 and Z i s  given  by 

The m i x i n g   l e n g t h   i n   t h e   o u t e r   f l o w  was def ined as 

- 
where fs was 

- 
fs = 0.265 - 0.196 H k y s  -t 0.0438 H k y s  

* * 

* * 
and Hk,s = 'k,dek,s . The subscr ip t  s denotes  that   the  lower limit o f   i n t e -  

g r a t i o n   f o r  6k and e k  was changed from y = 0 t o  y = yn as recommended by 

Beckwith and Bushnell  (Ref. 2 ) .  

* 

Wi th   the  above d e f i n i t i o n s  of k S y  gm, and g h ,  the   th ree  zones may 
be spec i f ied .  Zone 1 i s   t h e   i n i t i a l   m i x i n g  zone and i s  def ined by t h e  

i nequal i ty 

The model used i n  Zone 1 was a f i v e - l a y e r  model us ing   the   fo l low ing  

p i v o t   p o i n t s  and coo rd ina tes   o f  y and II: 
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P o i n t  x 
0 0 

- a 

0 

1 
%c 

S - a  2 s  

- a  2 s  2 s (1 - 3) 6 S 2K 6, 

3 

4 ( s + t + - )  i s 0  6 
6r 

P r t  - 
- a,W 
Let 

.. 
where s i s   t h e   s l o t   h e i g h t ,  t i s   t h e   l i p   t h i c k n e s s ,  y, = y a t  Z = 0.5,  
6 ,  i s   t h e   t h i c k n e s s   o f   t h e  boundary  layer above t h e   l i p ,  and 
6, = + s + t. 

Zone 2 was the   in te rmed ia te   mix ing  zone  and  used a fou r - l aye r  model 
formed  by  dropping  pivot   point  2. This  zone was def ined  by   the   inequa l i t y  

and t h e   p i v o t   p o i n t s  and coordinates of y and R a r e  

P o i n t  x 
0 0 

1 

3 

4 

" Prt am w 
Let K 

Ym 

- 
fs60 6 ( s + t + - ) -  K. 6 r  

R 

0 

- 

" Prt w 
Let am 

f s  ( 6  - Yn) 
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Zone 3 approached the  equilibrium boundary-layer state and was given 
bY 

'S 5 2 

This  zone used the  three  layer model and the pivot points are  given by 

Point Y R 

0 0 0 

1 0.1 0.1 K6 

- 

4 0.3 fs 6 

A schematic representation  of  the mixing  length  profiles,  velocity pro- 
files, and species  concentration profiles is presented in Figure 1. 

2.6 Application o f  the  Finite-Difference Method 

In order to begin the numerical solution, initial profiles for  the 
dependent variables Z, F, and g are needed. These guesses were o f  the 
fol 1 owing form: 

at TI < ne at rl, 
F = 1 - e"' F = l  

F' = e -n ' F '  = 0 

F" = -e -n F" = 0 

9 = 9, + (1 - gw) F g = l  

g' = (1 - 9,) F' g' =o 

0 

1 

0 
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The solution o f  the  continuity  equation  across  the boundary layer 
was assumed a s  

v = v w - r l  

and the temperature  profile was calculated from the g p ro f i l e  

2 
(TIT,)' = ( I  + 112 I " FF' 

he 

The density profile was assumed t o  be tha t  of a perfect  gas 

and the Chapman-Rubesin Factor, C = pv /pepe  was s e t   t o  unity across  the 
boundary layer.  

Star t ing w i t h  the above guesses, the equations were solved t o  deter-  
mine Z ,  g ,  and F. New values of T/T,, (T/Te)',  p / p e ,  V ,  and C were com- 
puted  where 

V = V, - (2cFc + F )  dn 

where = C*/Tref 
* 

or 

(Sutherland's Law) 

(Power Law) 
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F o r   t a n g e n t i a l   s l o t   i n j e c t i o n ,   t h e   i n i t i a l   p r o f i l e s   f o r  F, g, and 
Z must  be  supplied a t   t h e   s l o t   l o c a t i o n .  These may be obtained  from  ex- 

per imenta l   data  or   by  combin ing  the  resul ts   o f  a f l a t   p l a t e ,   f i n i t e -  
d i f f e r e n c e   s o l u t i o n   w i t h  an a p p r o x i m a t i o n   f o r   t h e   s l o t   p r o f i l e .  I n  the 
present work, f l a t - p l a t e   c a l c u l a t i o n s  were  compared wi th  experimental 
Mach  number p r o f i l e   d a t a   t o  match  as c l o s e l y  as possible  the  boundary- 
layer   th ickness  6, the  compressible  displacement  thickness 6 , the 
momentum thickness e, the Mach  number p r o f i l e  and t h e   v e l o c i t y   p r o f i l e .  

The prof i les   which  best  matched these  data were  combined w i t h  an approx- 
i m a t i o n   f o r   t h e   s l o t   f l o w  and used as i n i t i a l   p r o f i l e s   a t   t h e   s l o t  
l o c a t i o n .  

* 

Boundary-layer  parameters  were  calculated  from  the  converged so- 
l u t i o n s   o f  g ,  F, and Z a t  each v a l u e   o f  [. The d e f i n i t i o n s  used t o  

calculate  these  parameters  were: 

Boundary-Layer  Thickness: 
The boundary-layer  thickness, 6, was the  value  of  y where 

* 
* *  

u /ue, = 0.995 and was determined  by  in terpolat ion o f  the F ar ray.  

Incompressible  Displacement  Thickness: 

* 

o r  
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Compressible ~~ DisplacemenJ Thickness: 

* 

6 * = je [ 1 - Ei‘l] dy* 

0 pe e 

or 

Momentum  Thickness: . ~ “ “  

* 
* P U  

* *  
* *  [l - $+* 

pe ‘e 

or 

Skin  Friction  Coefficients: 

cf - 
- 2,W 

W *u *2 
pw 03 

* 
where -rW - - pw 

w 

or 

F ( 1 - F )  d n  

*EVD p c p u r j  e w e e 
cf - 

- 
W (2E)”* [%I W 

(44 1 

(47 1 

(49)  
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2.7 Globa l   P ressu re   I n te rac t i on  

The p r e s e n t   f i n i t e - d i f f e r e n c e  method  contained,  as  an  option,  the 

i te ra t i ve   p rocedure   deve loped  by   Miner  and  Lewis  (Ref. 4 )  t o   i n c l u d e   t h e  

e f f e c t s   o f   p r e s s u r e   i n t e r a c t i o n .  The f i r s t  boundary - laye r   ca l cu la t i on  
was  made us ing   t he   i npu t   p ressu re   d i s t r i bu t i on   dp /dx  = 0 and c a l c u l a t e d  
the   d i sp lacemen t   t h i ckness   d i s t r i bu t i on .  The method  then  used  the  dis- 

p lacemen t   t h i ckness   t o   ca l cu la te  a new p r e s s u r e   d i s t r i b u t i o n  and  began 
a new b o u n d a r y - l a y e r   s o l u t i o n .   T h i s   i t e r a t i o n  was c o n t i n u e d   u n t i l   t h e  
change i n  t h e   p r e s s u r e   d i s t r i b u t i o n  between i t e r a t i o n s  was s u f f i c i e n t l y  

sma1.1 . 
The method assumed t h a t   t h e   f l o w  was i s e n t r o p i c  and t h a t   P r a n d t l -  

Meyer theory  was app l i cab le .  From the  d isp lacement   th ickness  s lope,  
dd*/dx, t h e  edge Mach number was found us ing  Prandt l -Meyer   theory.   S ince 

t h e  6 d i s t r i b u t i o n  may n o t  be  smooth, a six-Faint walk ing  least   squares 

l og - log   cu rve  f i t  was used to   ca l cu la te   ds * /dx .  This curve  f i t  prov ides 
a smoother d e r i v a t i v e   t h a n  a t h r e e   o r   f o u r   p o i n t   L a g r a n g i a n   i n t e r p o l a t i n g  
p o l y n o m i a l .   I s e n t r o p i c   r e l a t i o n s  were  used to   ca lcu la te   p /po   f rom  the  
Mach number. S i n c e   t h e   i n t e r a c t i o n  be tween   the   p ressu re   d i s t r i bu t i on  and 

the  d isp lacement   th ickness may be ra the r   s t rong ,  a w e i g h t i n g   f a c t o r  M was 
used so t h a t  

* 

where pne, was t h e   p r e s s u r e   d i s t r i b u t i o n   t o  be used i n   t h e   n e x t   i t e r a t i o n ,  
po ld  was t h e   d i s t r i b u t i o n   f r o m   t h e   l a s t   i t e r a t i o n ,  and  p6 was t h e   d i s -  
t r i b u t i o n  computed  from 6". Suggested  values o f  w range  from 0.05 t o  

0.2 depending  on  the  degree o f   d i f f i c u l t y   i n   m a i n t a i n i n g   s t a b i l i t y .  

* 
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111. RESULTS AND DISCUSSION 

The r e su l t s  of  the  present method were compared w i t h  a recent  ex- 
perimental  study  conducted by Schetz and Van Overeem (Ref. 10). The 
experiments were conducted i n  the  supersonic wind tunnel a t   Virginia  
Polytechnic  Insti tute and State  University. Air was injected  through a 
0.635 cm (0.25 i n . )  s l o t  and/or a 3.81 cm (1.5 i n . )  porous p la te .  The 
w i d t h  of the wind tunnel test  section was 22.86 cm (9.0 i n . )  which gave 
f o r  the s l o t  an injection  area of  14.52 cm (0.01563 f t . 2 )  and for   the 
porous p la te ,  an area of 82.26 cm (0.08854 f t .  2). Since  combinations 
of s l o t  and porous  geometries were considered,  the  results were present- 
ed i n  terms of the to ta l  mass flow = p .u . A .  and non-dimensionalized by 
a reference  freestream  value defined as  p,u, ( 1  f t .  ) .  These experiments 
were conducted a t  M, = 2.9, w i t h  a stagnation  temperature of 294'K, and 
a stagnation  pressure of 6.803 atmospheres. Pi tot   pressure  prof i les ,  
wall  pressure, and wall shear   s t ress  d a t a  were taken  through0ut.a  range 
of mass in jec t ion   ra tes .  The nozzle was modified so t h a t  the  streamline 
along  the a x i s  of the  two-dimensional, symmetric nozzle was replaced by 
a solid  surface  (see Fig.  2a).  Since  the lower portion of the  modified 
nozzle was a f l a t   s u r f a c e ,  a f l a t - p l a t e  geometry was used i n  the  present 
method to  simulate  the  experimental  conditions. The use  of this geometry 
caused some problems i n  determining  the i n i t i a l  value o f  6 ,  the  stream- 
wise  coordinate. The nozzle boundary layer  begins forming somewhere up- 
stream  of the curved  portion  of  the  converging  section of the  nozzle 
while the   f l a t -p l a t e  boundary layer i s  assumed t o  begin a t   t h e  l e a d i n g  
edge  of  a constant  pressure  f lat   plate.  Thus the v i r tua l   f l a t -p l a t e  
length had t o  be determined to   best   s imulate  the boundary layer on the 
nozzle  wall. Experimental pitot   pressure  profiles,   taken a t  the   s lo t  
location, were compared w i t h  calculat ions of the  flow  over a f l a t   p l a t e .  
The predicted  profiles best matched the measured prof i les  a t  a distance 
of 53.34 cm (21 .O i n .  ) downstream o f  the  leading  edge.  Figure 3 shows 
good agreement between the f la t -plate   predict ion and the  experiment a t  

2 
2 

J J J  2 
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this location. The value  of 5 = 7.8975 a t  53.34 cm  was used a s  the 
ini t ia l   value  of  6 fo r   t he  mass inject ion study. 

In i t i a l   p ro f i l e s  were taken from the experimental  data of  Ref.  10 
a t   t h e   s l o t   l o c a t i o n .   P i t o t   p r o f i l e s  were  measured a t  the   s lo t  and used 
to  obtain Mach number p ro f i l e s ,  assuming  a constant   s ta t ic   pressure.  By 
assuming  a constant  total   enthalpy  profile ( H / H e  = l.O), in i t ia l   ve loc i ty  
prof i les  were calculated from the Mach numbers. The i n i t i a l  a i r  species 
prof i le   for  helium inject ion was s e t   t o  unity above the s lot  l i p  and t o  
zero below the l i p .  For the  cases  using  air   injection  the  species  pro- 
f i l e  was s e t   t o  uni ty  across  the boundary layer .  

Flat-Plate  Results 

The above  determfned i n i t i a l   p r o f i l e s  were  used to  simulate a boundary- 
layer  flow  over a f l a t   p l a t e .  The predicted skin f r i c t i o n  was 40% higher 
t h a n  measured by the  floating-element  balance. No Preston  tube  measure- 
ments were obtained on the so l id   f l a t -p l a t e ;  however, extrapolation of the 
Preston  data  to k = 0 presented  in F i g .  9 ,  gave considerably  higher  values 
o f  wall  shear  thanweremeasured by the  floating-element  balance. To help 
resolve  these  differences,   the   resul ts  were compared w i t h  previous  investi- 
gations. Figure 4 compares the skin f r i c t i o n  under the  present  conditions 
w i t h  data by Coles (Ref. 20) and the numerical r e su l t s  of  Anderson and Lewis 
(Ref. 11 ) .  The present   resu l t s   a re  i n  excel lent  agreement w i t h  Anderson 
and  Lewis  and f a l l  between Cole 's  Case 26 and Case 20. The extrapolated 
Preston tube value  also  agrees  well w i t h  the  present method b u t  the  balance 
data on both the so l id   p la te  and the porous p la te  w i t h  r i ~  = 0 were low. 
Since the sk in- f r ic t ion   d i s t r ibu t ion  was not measured w i t h  e i ther   the  
balance or the  Preston  tube, i t  was impossible  to  resolve  the  differences 
between the  balance  data and the present prediction. Figure 5 shows the 
measured ve loc i ty   p ro f i l e   a t   t he   s lo t   l oca t ion  i n  law-of-the-wall  coor- 
dfnates .  Again the numerical r e su l t s  and ex-trapolated  Preston  tube d a t a  
are   in  good agreement  while  the  balance d a t a  a r e  below the  predfctfon. 
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W i t h o u t   s k i n - f r i c t i o n   d i s t r i b u t i o n s  i t  was impossib le   to   determine  whether  
o r   n o t   t h e   b a l a n c e  and Preston  tube  data  show.the same f l a t - p l a t e   t r e n d s .  

Figures 6-8 show t h e  Mach  number p r o f i l e s   a t   t h r e e   l o c a t i o n s  down- 
stream o f   t h e   s l o t .  

Normal I n j e c t i o n  Through a Porous  Wall 

The f i r s t  mass transfer  geometry  considered was a porous  wal l .  
Po rous -wa l l   i n jec t i on  caused a l a r g e   r e d u c t i o n   i n   t h e   s k i n   f r i c t i o n ,   b u t  
t h e   e f f e c t i v e n e s s   o f   t h e   p o r o u s   w a l l   i n j e c t i o n  was l imi ted  by  boundary- 
layer   separa t ion .   F igure  9 p r e s e n t s   t h e   s k i n - f r i c t i o n   v a r i a t i o n  as a 
f u n c t i o n  o f  the  mass t r a n s f e r   r a t e .  The balance  and  Preston  tube  data 
again do n o t  agree. A t  h igh   i n jec t i on   ra tes ,   t he   ba lance   da ta  were 
s l i gh t l y   l ower   t han   t he   P res ton   t ube   da ta   bu t  had  a s im i la r   s lope .  A t  
l o w   i n j e c t i o n   r a t e s ,   t h e  agreement was poorer. The l im i ted   Pres ton   tube 
da ta   ind ica ted  a  much more r a p i d   r e d u c t i o n   i n   s k i n   f r i c t i o n   w i t h  mass 
t ransfer   than  the  ba lance  data,  and the  Preston  tube  predic ted a higher  
s k i n - f r i c t i o n   a t  6 = 0. D i f f e r e n c e s   i n   t h e  two  measurement techniques 
c rea te  some quest ion as t o   t h e   e f f e c t i v e n e s s   o f  normal i n j e c t i o n .  The 
Preston  tube  data show the  porous  wal l  was t h e  most e f f e c t i v e  geometry  per 
u n i t  mass i n  r e d u c i n g   s k i n   f r i c t i o n .  The balance  data show it was t h e  
l e a s t   e f f e c t i v e .  More exper imental   data  are needed t o  determine  conc lus ive ly  
the   e f fec t i veness   o f   the   porous   wa l l .  The numerical  study showed very 
good agreement wi th   the  Preston  tube  data and predicted  boundary- layer 
separat ion  over   the  porous  p la te when the   mass- t rans fer   ra te  was grea ter  
than k/p,u, (1)  = 0.0016 o r  pwvw/p,,u, = 0.01807. This  separation  would 
accoun t   f o r   t he  sudden l o s s  i n  e f fec t i veness   ev iden t   i n   t he   P res ton   t ube  
data. The balance  data show the  porous-wal l   technique  suf fered  f rom a 
roughness-induced  increase i n   s k i n   f r i c t i o n ,   b u t  no Preston  tube  data 
were ava i lab le   to   con f i rm  th is   inc rease.   S ince   the   ba lance  d id  measure 
l ower   sk in - f r i c t i on   va lues  on t h e   f l a t   p l a t e ,   t h i s   a p p a r e n t   i n c r e a s e  
should  be  conf i rmed  by  addi t ional   exper imental   data.  It i s  probable 
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that the  balance  was  more  sensitive to roughness  effects  since it was 
flush with the wall and completely enveloped by the sublayer. The 
Preston tube, on the  other hand, could not be placed on the  surface  due 
to  the  finite  thickness  of  the  tube walls and may be above  the  sublayer 
which .was most affected by the roughness. More Preston tube and balance 
data are needed to better determine  the effects of roughness of  the porous 
surface on the  skin friction. 

Calculations  were  also  made which included the effects of pressure 
interaction. The pressure  distribution  resulted in higher skin-friction 
values than did the  case  with a constant  edge pressure. As  the mass in- 
jection  rate increased, the effects of pressure  interaction increased 
because the predicted  pressure  gradients  became stronger over the porous 
section (see Fig. 10). These increased pressure gradients a l s o  caused 
the boundary layer to separate  at lower  mass  iajection  rates  than  the 
cases  without pressure interaction.  Mach  number profile  comparisons at 
two  different injection  rates are presented in Figs. 11-16.  At the lower 
injection rate, the  agreement with experimental measurements was  excellent 
and pressure  interaction had very little effect. At the higher  injec- 
tion  rate, the  agreement  was  rather poor with the predicted Mach  numbers 
being as much  as 20% lower  than the experimental  data. Pressure inter- 
action  solutions showed  better  agreement but were still as much as 10% too 
low. As the external stream  flowed  over the porous plate, normal injec- 
tion caused a thickening  of  the boundary layer. Downstream of  the porous 
section, the boundary ’layer became thinner  after  the normal injection 
stopped. In the low  injection case,  the thickening of  the boundary layer 
was not very severe and the  flow recovered  quickly  thus giving good agree- 
ment with the profiles  taken downstream  of  the porous section. At  the 
high injection  rate,  however, the boundary layer  became much thicker and 
could not adjust  as  quickly; thus the present method predicted a much 
thicker boundary layer downstream  of  the porous wall. The pressure gra- 
dient behind the porous section  was  favorable and resulted in better 
agreement  with the experimental profiles. 
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P i t o t   p r e s s u r e   p r o f i l e s   f o r   t h e   f i r s t  two s t a t i o n s   a t   b o t h   i n j e c -  
t i o n   r a t e s   a r e   p r e s e n t e d  i n  Figs. 17-20. The r e s u l t s  were s i m i l a r   t o  
t h o s e   o f   t h e  Mach  number p r o f i l e s   e x c e p t  nea.r t he   ou te r  edge o f   t h e  bound- 
a r y   l a y e r   a t   s t a t i o n  one. Here the  exper imental   data do not  asymptot-  
i c a l l y  approach u n i t y   a t   t h e  edge. Th is   cond i t i on  was caused  by  shock 
waves generated a t   t h e   j u n c t i o n   o f   t h e   i n j e c t i o n  box  and t h e   t e s t  sec- 
t i o n   w a l l  as shown by  the  Schl ieren  photographs i n  Ref. 10. A t  s t a t i o n  
two, the  probes  were  completely  behind  these waves and t h e   p r o f i l e s   d i d  
no t  show a jump  near  the  outer edge o f   t h e  boundary l a y e r .  

Tangen t ia l   I n jec t i on  Through a S l o t  

The second i n j e c t i o n  geometry  considered was a t a n g e n t i a l   s l o t .  
I n   t h i s   p a r t   o f   t h e   s t u d y ,   b o t h  eddy v i s c o s i t y  models  were  used  and a 

f o r e i g n  gas i n j e c t a n t  was b r ie f l y   cons ide red .   F igu re  21 presents   the 
s k i n - f r i c t i o n   v a r i a t i o n   w i t h   t h e   m a s s - t r a n s f e r   r a t e .  The balance  data 
were again  lower  than  the  Preston  tube  data,   but   the  exper imental   re-  
s u l t s   d i d  show t h e  same trends. The  Van Driest-Clauser eddy v i s c o s i t y  
model p red ic ted  a s k i n - f r i c t i o n   d i s t r i b u t i o n   a b o u t  30% h igher   than  d id  
the  Beckwith-Bushnell  model. The d i f f e r e n c e   i s  due t o   t h e   d i f f e r e n c e s  
i n   t h e   v e l o c i t y   p r o f i l e s  caused  by  changing  eddy v i s c o s i t y  models  (see 
Fig.  28). The Beckwith-Bushnell model agreed  wel l   wi th  the  Preston 
tube  da ta .   Pressure   in te rac t ion   d id   no t  have t h e   e f f e c t  on s l o t   i n j e c -  
t i o n   t h a t  it had on  the  porous  wall  geometry  since  the  pressure  gra- 
d i e n t s  were  weaker  as shown i n   F i g .  22. The presence o f  t h e   s t e p   i n  
t h e   w a l l  caused a 12% r e d u c t i o n   i n   t h e   s k i n   f r i c t i o n   f r o m   t h e   f l a t -  
p la te   va lue   as  shown i n  F ig.  4. The s k i n   f r i c t i o n   c o n t i n u e d   t o   d e c r e a s e  
w i th   an   inc rease i n  mass t r a n s f e r   u n t i l   t h e  matched p ressu re   i n jec t i on  
c o n d i t i o n  was reached  near i/p,u, (1)  = 0.0016. This  mass f l o w   r a t e  
corresponds t o  h = p .u ./p,u, = 0.1024,  and t h e   s l o t  Mach  number was 
approximately 0.6. As t h e  mass f l ow   ra te   con t i nued   to   i nc rease ,   t he  
tu rbu lence  leve l  i n  t h e   s l o t  became h igh  enough t o  cause  an  increase i n  
the  wal l   shear   s t ress.  

J J  
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Calculations  were  made  to  compare  the wall pressure distribution 
with the experimental data. For this part of  the study, the numerical 
method used the  same  edge  pressure  as  the experiment, pe/po = 0.031. 
This resulted in a  freestream Mach  number of 2.91 which  was slightly 
higher than the 2.8 used in the skin-friction study.  Figure 22 shows 
the predicted wall pressure distribution was in reasonable agreement 
with the measured values. 

A special case using helium as  the injectant  was  briefly  considered. 
Figure 23 shows  the  skin-friction variation  with mass  transfer using the 
two-layer eddy viscosity model. The  agreement with the experimental data 
was good. Comparison of Figs. 21 and 23 shows  that helium was more effec- 
tive in reducing the  skin  friction than air. No other experimental data 
are available  from  the helium  injection study. 

Comparisons  of  the predicted and experimental  Mach  number  profiles 
for  the slot configuration  are  made in Figs. 24-26  for  the  case of 
ri~/p m o 1  u (1) = 0.00072. Figures  24-26  compare  the profiles from both 
eddy viscosity models with the experimental results at ti~/p,u, (1) = O.OOOi2. 
At  station 1, the Van Driest-Clauser model gave excellent  agreement in 
the  outer  region  of  the boundary layer but did not agree well near the 
wall. The Beckwith-Bushnell model gave better agreement  throughout  the 
entire  boundary layer  especially near the wall. Pressure interaction 
had little  effect on  the  multi-layer model but resulted in much  better 
agreement when the  two-layer model was used. Figure  22 shows the pres- 
sure was recompressed  to the freestream  value more  quickly using the 
Van Driest model than when using multi-layer model. The pressure gra- 
dient at the  first probe station  was larger using the Van Driest model 
and thus had a greater  effect on the solution. At  station 2, the 
Beckwith-Bushnell model again agreed better near the wall than did the 
two-layer model. Here  pressure  interaction had a greater effect on the 
multi-layer model because the Van Driest model had recovered to the  free- 
stream  pressure and experienced a small pressure  gradient. A weak adverse 
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pressure gradient existed downstream  of  the  slot  as  the  flow  first  over- 
expanded  around the  step and then  was recompressed to  the  freestream 
pressure causing  a  thicker boundary layer to be predicted by the pres- 
sure interaction solution. Profiles at the third station  showed the 
two-layer model results  were in better agreement with the data than the 
multi-layer model. The pitot profiles presented in Figs. 27-29  show 
the  same  agreement  as  the Mach  number profiles. 

In general, the Beckwith-Bushnell eddy  viscosity model gave better 
agreement  near  the slot, while  further downstream, the Van Driest-Clauser 
model more  closely matched the experimental data. The present method 
underpredicted the Mach  number  profile  considerably. This was due to 
the low mass injection rate  which corresponds t o  X = 0.046 and which 
was about 40% lower than the low  pressure  injection  rate used in Refs. 
5 and 6. Miner and Lewis (Ref. 6) found the present method overpredicted 
the Mach  number  profiles  at  matched  pressure  injection but gave good 
agreement at the low  pressure rate. The present work shows that at even 
lower injection  rates the method underpredicts  the Mach number profiles. 

Combined Slot and Porous Wall Injection 

A  combination  of  the two  previous  geometries  was  considered in the 
third part of this study. Air was injected through the slot and porous 
plate at varying mass-flow rates. Calculations predicted separation 
would occur  over  the porous section when more than 30% of  the total mass 
flow  was injected  through the porous wall. Figure 30 compares  the  skin- 
friction  reduction using both eddy  viscosity models  for  the cases o f  100% 
slot  injection and 75% slot/25% porous injection. The Beckwith-Bushnell 
model predicted lower  skin-friction  than the Van Driest-Clauser model 
because of  differences in the velocity  profiles near the  slot  as seen 
in Figure 32. 

One would expect  combined  injection to show  characteristics o f  both 
the porous wall and slot injection  geometries. Normal injection  through 
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a porous  wal l   decreased  the  sk in   f r ic t ion  markedly   but   separat ion  occurred 
a t  mass f l o w   r a t e s   o f  h/p,u, (1)  = 0.0017. S l o t   i n j e c t i o n   a l s o   r e d u c e d  
t h e   s k i n   f r i c t i o n   b u t   r e a c h e d  a mass f l o w   r a t e  where t h e   s k i n   f r i c t i o n  
reached a minimum  and then  began to   inc rease.  The c a l c u l a t i o n s   f o r  com- 
b i n e d   i n j e c t i o n   d i d   i n d e e d  show charac te r i s t i cs   o f   bo th   geomet r i es .  A t  
low mass in jec t i on   ra tes ,   t he   po rous   p la te   reduced  even f u r t h e r   t h e   s k i n  

f r i c t i o n  downstream o f   t h e   s l o t ,   b u t  a t  t h e   h i g h e r   i n j e c t i o n   r a t e s ,   t h e  
s lo t   t u rbu lence   l eve l   i nc reased   caus ing   t he   sk in   f r i c t i on   t o   i nc rease .  
The most i m p o r t a n t   e f f e c t   o f  downstream  normal i n j e c t i o n  was the  decrease 
i n   t h e  minimum s k i n   f r i c t i o n   a t t a i n a b l e .  The Beckwith-Bushnell model 
p red ic ted  a 50% l o w e r   s k i n   f r i c t i o n   w i t h   t h e  75% slot/25%  porous  geometry 

than  w i th   the   s lo t -on ly   case.  . The minimum was s h i f t e d   t o   h i g h e r   i n j e c t i o n  

r a t e s   f o r  combined i n j e c t i o n  because o n l y  a p o r t i o n   o f  the t o t a l  mass f low 
was t rans fe r red   t h rough   the   s lo t ,  and t h u s   t h e   s l o t  Mach number was lower 

even  though  the  to ta l  mass f l o w  was t h e  same. 

P ressu re   i n te rac t i on  had l i t t l e   e f f e c t  on t h e   s l o t   f l o w   b u t   i n -  
c r e a s e d   c o n s i d e r a b l y   t h e   s k i n   f r i c t i o n  on the  porous w a l l .  A s i m i l a r  
r e s u l t  was e v i d e n t   i n   t h e  combined  s lot /porous  in ject ion  case. A t  low 
i n j e c t i o n   r a t e s ,  where the   no rma l   i n jec t i on  was most e f fec t i ve ,   p ressu re  
i n t e r a c t i o n   s o l u t i o n s   p r e d i c t e d   h i g h e r   s k i n - f r i c t i o n   v a l u e s .  A t  h igher  

ra tes ,  where t h e   s l o t   i n j e c t i o n   e f f e c t s  were s t ronger ,   p ressure   in te r -  
a c t i o n  caused on ly   smal l   d i f fe rences .  

I nsu f f i c i en t   expe r imen ta l   da ta  were a v a i l a b l e   t o   v a l i d a t e   t h e   p r e s -  

e n t   p r e d i c t i o n s  and  most o f   t h o s e  were   f rom  the   sk in - f r i c t ion   ba lance.  

The presence o f   t h e  porous  section  again  caused a l a r g e   i n c r e a s e   i n   t h e  

shear  stress measured  by the  balance. A t  a mass f l o w   o f  ri~/p,u~ (1)  = 0.00074, 
the  balance measured a 76% i nc rease  over   the   s lo t -on ly   con f igura t fon .  

As mentioned above, the  balance was probably more s e n s i t i v e   t o   s u r f a c e  
roughness  than was the  Preston  tube,  but  i t  remains t o  be determined if 
roughness  alone  could  account  for  such a l a r g e  change. The Preston  tube 
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measurements  were not complete enough to  determine  whether  or not sur- 
face roughness  affected the Preston tube. The  differences between the 
prediction and experiment could not be resolved with the limited ex- 
perimental data available. It  is impossibl 
predictions from  the numerical method until 
available. 

Predictions of the wall pressure  distr 

to completely validate the 
more experimental data are 

bution again showed only rea- 
sonable  agreement with the experimental data as shown in Fig.  31. Mach 
number  profiles shown in Figs. 32-34 and pitot pressure  profiles  shown 
in Figs. 35-37  were  similar to results  for  the slot geometry. The 
Beckwith-Bushnell  eddy  viscosity model again showed better agreement 
near the slot than did the Van Driest-Clauser eddy viscosity model. Fur- 
ther  downstream, however, the two-layer model more  closely matched the 
experimental data  than did the  multi-layer model, but  both eddy viscos- 
ity laws predicted a  thicker boundary layer than was  measured.  This 
was caused by the high percentage of  the  flow entering  through the por- 
ous wall. When more than 30% o f  the  flow was injected through the wall, 
separation was predicted to occur  over  the porous section. The 70% 
slot/30% porous  injection case was very close to this  limit, and there- 
fore  the  flow  was near blow-off  over the plate. The flow di d  not re- 
cover quickly  downstream of  the porous wall, and thicker  profiles were 
predicted at the  measurement stations. 

Pressure interaction solutions using the two different eddy viscos- 
ity models  showed completely reversed  trends. Using the Van Driest  model, 
pressure  interaction  caused a thicker boundary layer, but using the 
Beckwith-Bushnell  model, a  thinner boundary layer  was  predicted.  Figure 
31 shows the  edge pressure was  actually decreasing behind the porous 
plate using the  multi-layer model. This  favorable pressure  gradient 
caused the  thinner boundary layer while  the solution using the Van Driest 
model was subjected  to an  adverse pressure  gradient  which  thickened the 
boundary layer. 
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F igure  38 shows  a comparison o f   t h e   s k i n - f r i c t i o n   v a r i a t i o n   w i t h   t h e  
mass f l o w   r a t e   f o r   t h e   t h r e e   g e o m e t r i e s   c o n s i d e r e d .   A c c o r d i n g   t o   t h e   p r e s -  
en t   p red ic t ions ,   the   porous   wa l l   geomet ry   p rov ided  the   g rea tes t   reduc t ion  
i n   s k i n   f r i c t i o n   p e r   u n i t  mass o f   i n j e c t a n t   b u t  was l i m i t e d   t o   l o w   i n j e c -  
t i on   ra tes   by   boundary - laye r   separa t i on .   Tangen t ia l   s l o t  and  combined i n -  
ject ion  geometr ies  both  produced a r e d u c t i o n   o f  w a l l  shear   s t ress due t o  
t h e   p r e s e n c e   o f   t h e   s t e p   i n   t h e   w a l l .   S l o t   i n j e c t i o n   d e c r e a s e d   t h e   s k i n  
f r i c t i o n  as   the  mass f l ow   i nc reased   un t i l   t he   t u rbu lence   l eve l  became 
grea t  enough t o  cause  an  increase i n   t h e  w a l l  shear  stress.  The combined 
i n j e c t i o n  model p r e d i c t e d  e v e n   l o w e r   s k i n   f r i c t i o n  a t  l ow   f l ow   ra tes   t han  
d i d   t h e   s l o t  geometry. The g r e a t e s t   e f f e c t   o f   t h e  combined i n j e c t i o n  was 
t o  reduce  the minimum i n   s k i n   f r i c t i o n   a t   t h e  matched  pressure s l o t   i n -  
j e c t i o n   c o n d i t i o n  caused  by i n j e c t i n g  a p o r t i o n   o f   t h e   f l o w   t h r o u g h   t h e  
wa l l .   Th is   de lay   a l lowed  the   s lo t /porous   in jec t ion   to   p roduce a lower 
minimum s k i n   f r i c t i o n   b e f o r e   t h e   s l o t   t u r b u l e n c e  became l a r g e  enough t o  
inc rease  the   wa l l   shear   s t ress .  The numer i ca l   resu l t s  and Preston  tube 

data show normal i n j e c t i o n  was t h e  most e f f e c t i v e   i n   r e d u c i n g   s k i n   f r i c t i o n  

p e r   u n i t  mass in jec ted .   Schetz  and Van Overeem (Ref. 10) concluded  that  
t h e   s l o t   i n j e c t i o n  was t h e  most e f f e c t i v e  based on the  balance  data.  The 
r e a s o n   f o r   t h i s   c o n t r a d i c t i o n  was the   ba lance  da ta   ind ica ted  normal i n j e c -  

t i o n   t o  be f a r  l e s s   e f f e c t i v e   i n   r e d u c i n g   s k i n   f r i c t i o n   t h a n   t h e   P r e s t o n  
tube   da ta   o r   numer i ca l   resu l t s   p red ic ted .  More da ta   a re  needed f o r  compari- 

son t o   r e s o l v e   t h e   d i f f e r e n c e s  between the  Preston  tube,   f loat ing-e lement  
balance, and the   p resen t   p red ic t i ons .  
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IV. CONCLUSIONS 

In the present study a  finite-difference method was used to predict 
skin-friction reduction  for porous wall and/or slot  injection  geome-. 
tries. A comparison  of  the  three injection  geometries showed that nor- 
mal injection provided the greatest  reduction in skin friction per unit 
mass  of injectant but was limited by boundary-layer  separation. The 
tangential slot and combined  injection  geometries both produced a  lower 
skin friction at 6 = 0 due  to  the  step in the wall. As the  mass injec- 
tion through the  slot increased, the skin friction decreased until the 
mass flow  rate became so large that  the  turbulence level caused the skin 
friction to increase. 

Combined  injection offered some improvement over  the slot geometry 
at low  mass  injection and showed considerable promise at the higher injec- 
tion rates. With  a portion of  the mass flow coming  through the porous 
wall, the increase in slot turbulence and skin friction was delayed. 
This  situation  resulted in predicting  a  much  lower skin friction  before 
the slot turbulence became great enough to increase the skin  friction. 
The numerical calculations predicted separation would occur over  the 
porous section of  the wall when  more than 30% of  the total mass flow was 
injected through the porous wall. Comparisons of  the predictions  with 
the limited Preston tube data were good while  comparisons with the balance 
data  were poorer. Differences  exist in the data from the Preston tube 
and the  floating-element balance. First of all, the balance data were 
lower  than  previous zero pressure-gradient flat-plate investigations  at 
similar  Mach numbers  while no Preston tube measurements were  available 
from Schetz and Van Overeem. The balance  also  measured an increase in 
skin friction over the  flat plate when the porous section was added. 
This increase was attributed to  surface roughness by Schetz and Van Overeem 
(Ref. 10) while no Preston tube data were taken for  comparison. The 
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balance  data indicate  that normal injection  was not the  most  effective 
.injection  geometry, whereas  the limited  Preston tube data show  just  the 
opposite. For  the  combined  slot/porous  geometry,  the  balance measured 
a large  increase in skin  friction  over  the slot-only  case, but the 
Preston  tube data  showed no such increase. More experimental data are 
needed to resolve  the  differences in the  two  measurement  techniques and 
to determine  the  effects  of  surface  roughness on the skin  friction. 

Mach  number profile  comparisons showed good to excellent  agreement 
with the experimental  data  at low injection rates. At the higher mass- 
transfer rates, the present calculations predicted  a  boundary-layer 
thickness  that  was  almost 25% greater  than  the measured value. For the 
slot and combined geometries,  the Beckwith-Bushnell  eddy  viscosity model 
gave better agreement near the  slot than did the Van Driest-Clauser 
model. Further  downstream,  the  two-layer model more closely  matched the 
experimental data than did the  multi-layer model. 

Pressure  interaction caused  a substantial increase in the porous 
plate  skin friction but made  little  difference in the  slot injection 
case. With  combined  injection,  pressure  interaction increased wall shear 
at low mass  flow rates but had little  effect at the higher rates. The 
global pressure  interaction  scheme  also  gave a reasonable prediction of 
the wall pressure  distribution. On the porous  plate, the  favorable 
pressure  gradient  caused  a thinner boundary  layer in the pressure  inter- 
action solutions.  For the  slot injection  a  weak adverse pressure  gradient 
resulted in a thicker boundary layer. 
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Table  1. Thermodynamic and  Transpor t   Proper ty   Data  for   Hel ium  In ject ion 
- ~ ~" " ..>~z"--- _ _ ~ _ _ _  . - " _ - ~ _ _  - 

Air Speci f ic   Heat   a t   Constant   Pressure 

0 OR 5 T 5 2000 OR 
cP 

= A + BT + CT2 + DT3 + ET4 + FT5 f t2 / sec2  - O R  

A = 6.03517 ( lo3)  C = -7.30226 ( E = -9.76574 (l0"O) 
B = -9.45091 ( D = 1.73227 F = 1.74651 ( 

Air Sta t i c   En tha lpy  

0 O R  5 T 5 2000 O R  
hj 

= AT + BT2 + CT3 + DT4 + ET5 + FT6 f t2 /sec2 

A = 6.03517 ( l o 3 )  C = -2.43408 (1 0-4) E = -1.95314  (10"') 
B = -4.72545 D = 4.33069 ( F = 2.91086 (10 -14) 

V i s c o s i t y  
X l o 7  = A + BT + CT + DT + ET4 + FT5 l b f  - sec / f t  2  3 2 

Yi 
90 OR 5 T 5 6300 O R  

Air 

A = -1.93368  (lo-') C = -3.9185 E = -1.64934 
B = 8.93259 D = 1.17285 ( lo- ')  F = 8.75154  (10 -18) 

He1 i urn 
A = 5.50269 ( 1 0 - l )  C = -2.21781 E = -1.80635 ( 
B = 7.94717 D = 4.04477  (10"O) F = -1.01127 (10 - l8 )  

B i n a r y   D i f f u s i o n   C o e f f i c i e n t  
p D i j  = A + BT + CT + DT + ET4 + FT5 lb f /sec 

90 O R  5 T 5 6300 O R  

2  3 

He1 i urn 
A = -9.75983 (lo-') C = 3.99118 ( l o e 6 )  E = 4.70538 ( 
B = 1.43997 D = -4.05169 (10 -1 0)  F = -2.35942 ( 
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Figure 1: Schematic o f  Slot   In jec t ion  Flow Field 
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a)  EXPERIMENTAL  CASE 

Virtual Length -1 

/ / / /  

b) NUMER ICAL STUDY 

Figure 2 :  Schematic o f  Experimental Nozzle and Model f o r  
Numerical Calculations 
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